Background: Helminth infestations are associated with T-helper cell type 2 (Th2) immune responses, leading to suppression of Th1 responses required to control Mycobacterium tuberculosis infection. We hypothesized that deworming after documented M. tuberculosis exposure might improve Th1 immune responses. Methods: This was a randomized controlled trial comparing the effect of early versus delayed (after 3 months) deworming on tuberculin skin testing (TST) and Quantiferon-Gold-in-tube responses among children from a setting with a known high burden of M. tuberculosis and helminth co-infection in Cape Town, South Africa. Children aged 6 to 15 years with documented M. tuberculosis exposure were enrolled. Ascaris lumbricoides status was measured by Ascaris-specific IgE and stool microscopy. Results: A total of 250 children (mean age, 9.6 years) were enrolled; 11.9% (27/227) were Ascaris stool microscopy positive and 54.2% (135/249) were Ascaris stool and/or IgE positive (Ascaris status). In univariable analysis, deworming at enrollment was not associated with a negative TST at 3 months (odds ratio, 0.61; 95% confidence interval, 0.35-1.07; P = 0.08). In stratified analysis, children with a positive Ascaris status were more likely to be TST negative at 3 months if dewormed early (odds ratio, 0.49; 95% confidence interval, 0.23-1.04; P = 0.06). In multivariable analysis, deworming was not associated with TST status (adjusted odds ratios, 0.62; 95% confidence interval, 0.34-1.10; P = 0.10). There was no association between deworming and Quantiferon-Gold-in-tube status. Conclusions: Deworming in children with recent M. tuberculosis exposure is associated with a trend toward a negative TST result. Timing of deworming might influence interpretation of TST in settings with high burdens of tuberculosis and helminths.
T uberculosis (TB) is a leading cause of mortality and morbidity in children in the developing world. The World Health Organization estimated that 1.0 million children younger than 15 years developed TB and 140,000 children who died of TB in 2014. 1 South Africa has an extremely high burden of TB with an incidence of 834 per 100,000 population in 2014. 1 Children in close contact with an infectious TB source case have a substantial risk of Mycobacterium tuberculosis (M. tuberculosis) infection and subsequent TB disease in the absence of preventive therapy, especially in the first year after exposure. 2 Immunity towards M. tuberculosis is mainly cell mediated and involves T-helper cell type 1 (Th1) cytokines, such as interferon-gamma (INF-γ) and tumor-necrosis factor. [3] [4] [5] [6] There is limited pediatric data on protective immune responses after M. tuberculosis exposure in children.
Globally, helminth infestations have the same endemic distribution as TB; both are diseases of poverty. 7 Worldwide, 1.2 billion people have Ascaris lumbricoides infestations, including an estimated 2.9 million children between 5 and 15 years of age in 2003/2006. [7] [8] [9] If untreated, chronic helminth infestations in children are associated with stunting, poor intellectual performance and anemia. 10, 11 Helminth infestations, especially A. lumbricoides 12 and hookworm, 13 modulate the immune system toward a Th2 profile regulatory responses from Th1 responses. 4, 14 In addition, cytokines that mediate humoral immunity can inhibit Th1 immunity, leading to a phenomenon termed "immune polarization." 15 There is evidence that polarization because of helminth infestation impacts on Th1-based immunity required for protection against M. tuberculosis. 16, 17 Chronic helminth infestations are also associated with an anergic immune response and could, therefore, just like other immunosuppressive conditions such as HIV, diabetes mellitus and malnutrition be associated with false-negative markers of M. tuberculosis infection. [18] [19] [20] [21] There is no diagnostic standard for detecting M. tuberculosis infection; routinely used tests include the tuberculin skin test (TST) and T cell-based INF-γ release assays. Despite known limitations, the TST remains the most commonly used test of TB infection in high-burden TB settings. 22 INF-γ release assays including the QuantiFERON-TB Gold In-Tube (QTF) 23 are in vitro blood tests based on detection of INF-γ release after T-cell stimulation by antigens specific to M. tuberculosis.
We assumed that concurrent co-infection with helminths in M. tuberculosis infected children would lead to decreased Th1 immune response and as a consequence, decreased sensitivity of TST as a measure of M. tuberculosis infection. We therefore hypothesized that deworming of M. tuberculosis exposed children living in a high-burden helminth setting would lead to reconstitution of Th1 response and improved sensitivity to detect M. tuberculosis infection. To test this hypothesis, we conducted a randomized controlled trial of early versus delayed deworming in children with and without documented M. tuberculosis exposure, to investigate the effect of deworming on tests of TB infection.
STUDY POPULATION AND METHODS
This was an open-label randomized trial comparing immediate deworming (at enrolment) to delayed deworming (3 months after enrollment) among children in an area with high prevalence of M. tuberculosis and helminth infections in Cape Town, South Africa.
Children were recruited from January 2011 to July 2012 after identification of an infectious (sputum smear or culture positive) adult TB source case (≥18 years of age) receiving routine TB treatment (<3 months) at a local clinic. Children from these "TB households" and from neighboring households (without documented household TB exposure) were screened and enrolled. Neighborhood controls were included in order to obtain an epidemiologically representative measure of community M. tuberculosis exposure.
Within 4 weeks of identification of adult TB source cases, a home visit was conducted to obtain consent for child participants and collect TB exposure and household demographic data. After obtaining written informed consent from parents/caregivers, children aged 6 to 15 years were enrolled if not currently on TB treatment. Enrollment was deferred in case of TST administration or deworming in the previous 12 weeks, live measles or polio vaccine in the previous 6 weeks, or a recent acute illness requiring hospitalization.
After enrollment, children were assessed for M. tuberculosis infection and disease using a standard symptom questionnaire, 25 clinical examination, blinded independent dual review of chest radiographs (posterior-anterior and lateral) 26 and sputum for mycobacterial culture (Mycobacterial Growth Indicator TubesMGIT; Becton Dickinson, Franklin Lakes, NJ] in children with symptoms or chest radiographic abnormalities. The Mantoux TST (2 tuberculin units purified protein derivative; Statens Serum Institute, Copenhagen, Denmark) was administered intradermally and read between 48 and 72 hours by research nurses, at enrollment and at 3 months. The TST was interpreted as positive if ≥10 mm in HIV-negative and ≥5 mm in HIV-positive children. QTF was completed according to manufacturer's recommendations; phlebotomy was done before TST testing. All children were tested for HIV (Abbott Determine Rapid HIV test, followed by a confirmatory ELISA if positive or indeterminate). Conversion by TST or QTF was defined by a positive test after a negative test, whereas reversion was defined as having a negative test after an initial positive test.
Sensitization to Ascaris was determined by measuring circulating IgE specific for A. lumbricoides in serum (ImmunCap, Thermo Fisher Scientific Inc, Waltham, MA) using radioallergosorbent testing [RAST] . Results are expressed as kU/L and can be interpreted as positive or negative based on a binary classification (positive if >0.35kU/L) 27 or can be scored by RAST ranging from 0 to 3 (0=absent or undetectable level of specific IgE to 3=high level of specific IgE).
Fresh stool sample collection was attempted in participants at baseline and 3 months before deworming occurred. Stool samples were stored at 4°C until microscopy for presence or absence of helminths and intestinal protozoa. Ascaris status was regarded as positive if either the Ascaris IgE or the stool microscopy were positive for Ascaris.
M. tuberculosis exposure was quantified through an aggregate score composed of measures of source case infectivity together with duration and proximity of exposure, all of which correlate well with tests of infection in children in this setting. 28 Data were collected on BCG status (vaccination history and/or presence of scar), previous TB treatment, socioeconomic status and nutritional status (Z scores according to the 2000 Centers for Diseases Control and Prevention growth charts). 29 WAZ and HAZ were analyzed dichotomously (Z score ≤−2 versus >−2) to determine wasting and stunting.
An independent statistician undertook randomization using the opaque envelope method, on a 1:1 ratio. All children received a single dose of oral Mebendazole (500 mg as per local guidelines), administered by a study nurse according to randomization allocation. Children with a history of passing a worm as reported by the caregiver/child during the preceding month were dewormed at enrollment and not randomized data on this group were also analyzed.
TST, QTF, Ascaris-specific IgE and stool microscopy were repeated at 3 months. Treatable infestations identified during stool 
Data Analysis
The primary outcome of interest was TST and QTF. The exposure of interest was deworming (early versus delayed). Data were analyzed based on actual deworming status (as-treated analysis). Continuous data were described using means and SD or median with interquartile range, whereas frequencies and percentages described categorical variables. Univariable logistic regression was used to investigate covariate determinants of TST and QTF. In addition to deworming, determinants that had a P value of <0.10 during univariable analysis are thought to be clinically or epidemiologically relevant, and they were included in multivariable logistic regression analysis. Stratified analysis was done to investigate if deworming was affected by Ascaris status at baseline. We tested for effect modification (interaction between age vs. contact score and age vs. Ascaris status). Univariable and multivariable results are presented as adjusted odds ratios (aORs) with the corresponding 95% CIs. A P value of ≤0.05 was considered statistically significant. All statistical analysis was performed using SPSS, version 21.0 (SPSS Inc., Chicago, IL).
The sample size was calculated based on the number of participants needed per group to detect a 40% difference in the proportion of positive TST between the 2 deworming groups, assuming 80% power and an α level of 0.05. The sample size calculation was based on pilot data and the reported prevalence of helminth infection in South Africa (estimated 50% 30 ) and with the assumption that children with helminth infection would have lower interferon responses.
This study complied with the Helsinki Declaration and was approved by the Health Research Ethics Committee of the Stellenbosch University (reference number N08/09/254).
RESULTS
Two hundred and fifty children (mean age, 9.6 years; SD, 2.7; males, 120/250; 48.0%) were enrolled (Fig. 1) . Five children who reportedly had passed worms in the preceding month were dewormed at enrollment (not randomized) and included in the early deworming group. Of the remaining 245, 123 were randomized to early deworming and 122 to deworming at 3 months. At baseline, participant characteristics were similar in the early and deferred groups ( Table 1) .
In total, 76.8% (192/250) children were enrolled from TB households and 22.8% (57/250) from neighbouring households. One child from a neighboring household was reclassified as being TB exposed as the study team identified an adult with TB. Sixteen percent (40/250) of children were wasted and 29.6% (74/250) were stunted. Living conditions were poor with 25.2% (63/250) lacking access to piped water in the house and 22.4% (56/249) living in an informal housing structure. Two children were HIV infected (included in analysis).
Overall, 55.1% (135/245) of children were TST and 62.2% (150/241) were QTF positive at enrollment. TST positivity at baseline was not related to Ascaris positivity or TB exposure (data not shown). (Table 2 ). Of children with positive Ascaris microscopy, 74.1% (20/27) were also Ascaris IgE positive (1/27 missed an Ascaris IgE result). Fifty percent (13/26) of children who had a high level of Ascaris-specific IgE were also stool microscopy positive for Ascaris (Table 2) .
In total, 86.4% of children (216/250) were seen for a month 3 visit. At follow-up, 124 stool samples were collected. In total, 7.3% (9/124) was Ascaris microscopy positive at follow up; 4.5% (3/66) in the early deworming group and 10.3% (6/58) in the delayed deworming group. This difference was not significant (Fisher exact P = 0.68).
TST data were available in 92.6% (200/216) of children at month 3. Of the missing TST results, 2 of 16 were negative at baseline and 14/16 were positive at baseline. Univariable and multivariable logistic regression results for TST status at 3 months are shown in Table 1 . In univariable analysis, deworming at enrollment was associated with a negative TST status at 3 months (OR, 0.61; 95% CI, 0.35-1.07; P = 0.08), although the result was weakly statistically significant. Children had a tendency to have a positive TST at 3 months if they were older (OR, 1.11/yr; 95% CI, 1.00-1.23; P = 0.06), had household TB exposure (OR, 1.82; 95% CI, 0.91-3.63; P = 0.09) or were stunted (OR, 1.95; 95% CI, 1.06-3.52; P = 0.03) at enrollment.
In multivariable analysis, deworming at enrollment was not significantly associated with TST status at 3 months (aOR, 0.62; 95% CI, 0.34-1.10; P = 0.10), adjusted for age, TB household exposure and stunting.
Secondary analysis was done to investigate whether the association between deworming and TST was affected by the prevalence of Ascaris infection at baseline. Stratified analysis showed that children with a positive Ascaris status were more likely to be TST negative at 3 months if dewormed early (OR, 0.49; 95% CI, 0.23-1.04; P = 0.06) but statistical evidence was weak. Children with a negative Ascaris status did not demonstrate this association between early deworming and TST status (OR, 0.77; 95% CI, 0.32-1.82; P = 0.55).
QTF data were available in 85.2% (184/216) of the children at month 3 (missing data because of failed phlebotomy or clotted samples).
In univariable analysis of QTF status at 3 months, older age (OR, 1.14/yr; 95% CI, 1.02-1.27; P = 0.03) and mixed race ethnicity (OR, 2.22; 95% CI, 1.14-4.36; P = 0.02) were associated with increased odds of being QTF positive (Table 3 ). Deworming at enrollment was not associated with QTF status at 3 months (OR, 0.84; 95% CI, 0.47-1.52; P = 0.57).
In multivariable analysis with inclusion of the same variables as in the TST model, early deworming was not associated with QTF status at 3 months. Stratified analysis by Ascaris status showed no differential effect on QTF results (data not shown). Possible interactions between determinants in both TST and QTF models were studied but not found. Results were similar with and without the 2 HIV-infected children (data not shown).
Seven children (2.8%) were referred for TB treatment: 4 in the early deworming and 3 children in the late deworming group. Classification of TB disease was according to the National Institutes of Health consensus definitions 31 ; 1 with "probable TB," 3 with "possible TB," 1 with "unlikely TB" and 2 who could not be classified (1 with signs of previous TB with calcifications). Results were similar when children referred for TB treatment were excluded from the analysis (data not shown).
DISCUSSION
We hypothesized that deworming would promote a more robust immune response to TST and QTF. Surprisingly, we found that deworming was associated with a trend toward a negative TST at 3 months. We found that deworming had no effect on QTF status at 3 months.
In a recent study from Venezuela, Verhagen et al 32 showed that helminth infestations (mainly trichiuris) increased the risk of TST positivity in indigenous children with recent M. tuberculosis exposure. They found that the circulating levels of all cytokines were generally lower in TST-positive children compared with TSTnegative children, but that only low levels of Th1 cytokines were independently and significantly associated with TST positivity. It was suggested that the immunosuppression caused by helminths led to a greater risk of M. tuberculosis infection, associated with a positive TST result. Validation of these findings would require study of prospective cohorts using incident TB disease as an end point.
In addition to potential immune modulating factors, possible alternative mechanisms that could explain the associated trend of TST negativity in children after deworming include a direct mycobacterial killing effect of mebendazole on M. tuberculosis. In a recent study by Lin et al, 33 metronidazole prevented reactivation of latent M. tuberculosis infection in macaques. Metronidazole is a nitroimidazole with activity against anaerobic, nonreplicating bacteria. Metronidazole treatment for 2 months was as effective as isoniazid for 6 months or isoniazid plus rifampicin for 2 months in latently infected macaques. Furthermore, adding metronidazole to isoniazid/rifampicin also effectively treated macaques with active TB. Delamanid is another important nitroimidazole derivative, currently in phase 3 trials for treating multidrug-resistant TB in adults 34, 35 and also under evaluation in children. Even though mebendazole, used in our study, is a benzimidazole and metronidazole is a nitroimidazole, it is plausible that mebendazole has a direct bactericidal action against M. tuberculosis. Further studies are needed to investigate this mechanism.
We showed that there was no association between deworming and QTF status at 3 months. These results possibly reflect differential effects of deworming on mycobacterial immune responses measured by TST (delayed hypersensitivity to a combination of mycobacterial antigens) versus more specific IFN-γ T-cell responses measured by the QTF. Ascaris infections have been associated with a generalized suppression of Th1 and Th2 cytokine responses to mitogen in children and perhaps this could have played a role in T-cell exhaustion. 32, 36, 37 TST and QTF positivity appear to reflect distinct but overlapping aspects of host immunity 38 and caution is needed when interpreting results of both in case of multiple infections.
Children with stunting had a higher risk of being TST positive at 3 months in multivariable analysis. Stunting, an indicator of chronic malnutrition, is associated with false-negative TST results probably because of impaired cellular immunity. 39 It is however possible that stunted children also had poorer socioeconomic circumstances with higher levels of undocumented TB exposure, explaining these higher TST positivity rates.
This study was done in school children where TB exposure may also occur outside of the household. No association was found between TST positivity and TB contact score. The contact score was previously found to perform better in younger children, <6 years of age, 28 not surprising given the fact that older children have more community exposure. Our data however suggest that TB household exposure remains an important risk factor for TB infection, also in older children.
Despite its wide use as a proxy for Ascaris infection, Ascaris-induced specific IgE in serum cannot differentiate between new and previous helminth infestations. However, the high IgE RAST levels found in a high proportion of our children suggest recent and/or ongoing helminth exposure. 27 Furthermore, we also demonstrated high concordance between Ascaris stool and serum IgE results. Most children (74.1%) with a positive stool sample also had Ascaris IgE levels. Therefore, Ascaris IgE remains a useful proxy for Ascaris exposure/infection in epidemiologic studies of the pediatric immune response.
There was a high prevalence of A. lumbricoides sensitization in children, comparable with previous data from Cape Town. 30 A high proportion of children in our study also had a strikingly high RAST range, 36.4% with a high level of allergen-specific IgE (RAST range 3) compared with previous data from the same setting but in younger children. 21 We speculate that these observed high levels are most probably because of the older age of children in our study group, with recurrent helminth exposure and less frequent contact with health services, because only younger children would typically attend "well baby" clinics and be dewormed more frequently. Regular deworming is recommended in South African children younger than 5 years of age only by the World Health Organization Integrated Management of Childhood Illness strategy, 40 but there is no recommendation for school-aged children. Consistent with previous reports, Ascaris-positive children were more likely to be stunted, 39 highlighting the importance of regular deworming in children living in highly endemic settings. The high levels of Ascaris infestation is concerning and represents an important public health problem.
Giardia lambdia was the second most common pathogen found in stool (9.7% positive, all referred for treatment with metronidazole). A routine parasitological examination in which no preservatives are used to preserve trophozoites, could have resulted in false negative results for Giardia, which may have led to underestimation of giardiasis in our study.
Our study is limited by the modest sample size with short duration of follow-up, missing data especially for QTF at 3 months and the lack of additional comprehensive immunological measures to explain exact mechanisms for our findings. Although TST and QTF are not perfect markers for TB infection, these are the current diagnostic tools available to estimate TB infection in children, together with epidemiological exposure measures. We do not know if children were actually really infected at baseline. TST/QTF were positive in 50% to 60% of the children at baseline. We do not know if the 40% to 50% test negative children were actually infected and tested negative for various reasons. Helminth infestations could be another reason for false-negative results. However, as the groups were randomized at baseline these children should have been distributed equally across both study arms.
In conclusion, deworming of children was associated with a trend toward a negative TST result in children after recent exposure to M. tuberculosis. More research is needed to elucidate exact mechanisms and the role of deworming in TB control programs in high TB and helminth burden settings. Future trials should investigate the possible protective effect of deworming on TB disease in children. Also, more attention is needed to address the high levels of helminthiasis in children living in TB-endemic settings, especially also in older children.
